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phase orientation as in (43), thus we expect the energy to 
decrease monatomically as the molecule opens to diazo-
methane and hence a predominance of diazomethane, as is 
observed. 
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Molecular Orbital Theory of the Hydrogen Bond. 
XIII. Pyridine and Pyrazine as Proton Acceptors 
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Abstract: Ab initio SCF calculations with a minimal STO-3G basis set have been performed to determine the equilibrium 
structures and energies of dimers HF-pyrazine, HF-pyridine, and H20-pyridine. The structures of the equilibrium dimers 
are consistent with structures anticipated from the general hybridization model. The HF-pyridine dimer is more stable than 
the HF-pyrazine dimer. Its greater stability may be attributed to the presence of a more negatively charged nitrogen atom in 
pyridine, and to a favorable alignment of molecular dipole moments in the HF-pyridine dimer. An HF-pyridine dimer in 
which hydrogen bond formation occurs through the w electron system at the nitrogen has also been investigated and found to 
be a nonequilibrium structure on the intermolecular surface. CI calculations have been performed to determine n -» IT* tran
sition energies for the monomers pyrazine and pyridine, the equilibrium dimers, and a 2:1 HF-pyrazine trimer. The results 
suggest that when pyridine is the proton acceptor molecule, the hydrogen bond is broken upon excitation in the dimer, but 
when pyrazine is the proton acceptor, the hydrogen-bonded complex remains bound in the excited n —• IT* state. 

In many chemical and biochemical systems, the aromatic 
nitrogen atom is an important proton acceptor atom for hy
drogen bond formation. It is of interest, therefore, to extend 
ab initio molecular orbital studies of hydrogen bonding to 
include dimers in which an aromatic compound is the pro

ton acceptor molecule, with hydrogen bond formation oc
curring through a lone pair of electrons on a nitrogen atom. 
While molecular orbital calculations on dimers with proton 
acceptor nitrogens have previously been reported, the pro
ton acceptor molecules in these dimers have generally been 
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restricted to relatively simple, nonaromatic compounds.1-4 

A notable exception is found in the study of Clementi, 
Mehl, and von Niessen, where hydrogen bridges in the gua-
nine-cytosine pair were investigated, and potential curves 
for proton transfer were obtained.5 

In the present study, ab initio molecular orbital calcula
tions with a minimal STO-3G basis set have been per
formed on a set of dimers having pyridine and pyrazine as 
proton acceptor molecules, and either water or hydrogen 
fluoride as proton donors. Since optimized STO-3G geome
tries for pyridine and pyrazine were not available, these 
were first computed, and are compared with experimental 
geometries below. However, the emphasis in this study is on 
these molecules as proton acceptor molecules in hydrogen-
bonded dimers. Thus, the primary purposes of this work 
are: (1) to determine the equilibrium structures and ener
gies of the dimers HF-pyrazine, HF-pyridine, and H2O-
pyridine; (2) to analyze the structures and energies of these 
dimers, and to compare them with other equilibrium dimers 
in which the proton acceptor atom is a nitrogen atom; (3) to 
investigate ir hydrogen bonding in the HF-pyridine dimer; 
and (4) to determine the effect of hydrogen bond formation 
on the n - • 7T* transition energies of pyrazine and pyridine. 

Method of Calculation 
Ground States. The closed-shell ground state of each mo

nomer, dimer, and trimer has been described by a single 
Slater determinant ^ 

* = |^,(l)^i(2) . . . i„(2n - l)fa(2n)\/V(2n)i 

= I Il 22. . .nn\ 

in which each molecular orbital (MO) is occupied by two 
electrons. The MO's \j/j are expressed as linear combina
tions of atomic basis functions 0M (the LCAO approxima
tion) 

with the expansion coefficients c^ determined by solving 
the Roothaan equations.6 The atomic orbital basis set used 
for these calculations is the STO-3G basis set with standard 
scale factors.7 

Excited States. The wave functions for the excited singlet 
n —• 7r* states of the monomers pyridine and pyrazine, of 
the equilibrium dimers, and of a 2:1 HF-pyrazine trimer 
have been expressed as linear combinations of functions de
scribing singly excited configurations. The configuration in
teraction (CI) wave function ' $ is given as 

1S = L S ^ / 1 * / 

where 

' * / = [|ll . . .Cl. . .nn\ - | l l . . . / / . . . nn\]Vl 

with the expansion coefficients Au determined variational-
Iy. The function ' SI>/ describes a configuration which arises 
as an electron is promoted from orbital i, doubly occupied 
in the ground state, to virtual orbital /. If functions for con
figurations arising from all possible one-electron excitations 
are included in the CI expansion, the resulting CI function 
is a full first-order function. However, because of the large 
number of singly excited configurations which occur even in 
the monomers pyridine and pyrazine, it was necessary to 
truncate the CI expansions, limiting the number of excited 
configurations to 90. In so doing, symmetry was used to 
eliminate those configurations which do not interact with 

the n —• 7T* transition which gives rise to the dominant con
figuration in the lowest energy singlet excited state. In addi
tion, high-energy transitions originating from inner-shell or-
bitals were also omitted. An analysis of the computed mo
nomer spectra indicated that ir —* a* transitions are also 
quite energetic, and make small contributions to the low-
energy n —» ir* state, while certain easily identifiable a —*• 
•K* transitions are important for describing this state. These 
observations were then used as a basis for selecting the con
figurations which were included in the CI expansions of the 
singlet n —- ir* states in the dimers and trimer. The n -» ir* 
transition energies have been computed at the equilibrium 
ground state geometries. 

Geometry Optimization. Optimized geometries were first 
computed for pyrazine {Dih) and pyridine {Civ)- The intra
molecular coordinates were optimized to ±0.01 A in bond 
distances, and ±1° in bond angles. The data reported in 
Table I show that there is good agreement between the 
computed and experimental geometries of pyrazine and 
pyridine. The optimized STO-3G geometries of the proton 
donor H2O and HF molecules have been reported.8 

With the optimized monomer geometries held rigid, it is 
possible to describe the structures of hydrogen-bonded di
mers in terms of an intermolecular distance and five inter
molecular angles, defined with reference to an intermolecu
lar line and the principal axes of the proton donor and pro
ton acceptor molecules (see Figure 1). For the proton ac
ceptor pyridine molecule, the principal axis is the C2 sym
metry axis, with origin at the nitrogen, and directed toward 
C4 (see Figure 2). For pyrazine, the C2 symmetry axis 
which passes through the nitrogen atoms is the principal 
axes, with origin at Ni and directed toward N4. For the 
proton donor molecules, the principal axes are the C2 and 
Ceo axes of H2O and HF, with origins at the oxygen and flu
orine atoms, respectively, and directed toward the hydro
gens. In the dimer, the intermolecular distance is the dis
tance between the heavy atom of the proton donor molecule 
and the proton acceptor nitrogen atom Ni, measured along 
the intermolecular 0-N or F-N line. In the starting orien
tation, the proton donor and proton acceptor molecules are 
placed in the intermolecular coordinate system such that 
their principal axes point inward along the intermolecular 
line. The angle 6\ is the angle between the principal axis of 
the proton donor molecule and the intermolecular line, 
while the angle xi measures rotation of the proton donor 
molecule about its principal axis. The angles (J2 and %2 are 
defined similarly for the proton acceptor molecule. The 
angle 0 is a combination of <$>\ and 02 with the rotational 
sense of 02, and measures rotation of the principal axis of 
the proton acceptor molecule about the intermolecular line. 
Equilibrium dimer structures have been optimized to ±0.01 
A in the intermolecular distance, and ±1° in each intermo
lecular angle, where possible (see below). The intermolecu
lar (hydrogen bond) energy is computed by subtracting the 
sum of the energies of the isolated monomers from the total 
dimer energy. All calculations have been performed in dou
ble precision on an IBM 370/145 computer. 

Results and Discussion 

Dimer Structures and Energies. The structures and inter
molecular energies of the equilibrium dimers HF-pyrazine, 
HF-pyridine, and H20-pyridine are reported in Table II, 
Also reported are the structures and energies of a nonequi-
librium HF-pyridine -K dimer (B), and of two nonequilibri-
um H20-pyridine dimers (B and C). It is appropriate to 
discuss the structures of the equilibrium dimers in terms of 
the general hybridization model for the hydrogen bond 
(GHM).4'9''0 GHM describes the hydrogen bond as arising 
when a directed lone pair of electrons on the proton accep-
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Table I. Pyridine and Pyrazine Geometries3 Table II. Dimer Structures and Energies 

Pyridine (C2V) Pyrazine CD,/,) 

Distances 

N-C 
C 2 -C 3 

C 3 -C 4 

C-H 

Angles 
CNC 
NCC 
C3C2H2 

C2C3H3 

Computed 

1.35 
1.39 
1.39 
1.08c 

116 
124 
120 
120 

Exptl* 

1.3402(1.340) 
1.3945 (1.390) 
1.3944 (1.400) 
1.08<* 

116.8(116.7) 
123.9(124.0) 
120.2 
120.2 

Computed 

1.35 
1.39 

1.09 

114 

120 

Exptl* 

1.334 
1.378 

1.05 

115.1 

120.3 

a Bond distances in A, bond angles in degrees. See Figure 2 for la
beling of atoms. b Experimental data from L. E. Sutton, Chem. Soc. 
Spec. Pub!., Suppl., No. 18, (1965). Experimental data in parentheses 
for pyridine from G. Herzberg, "Electronic Spectra of Polyatomic 
Molecules", Van Nostrand, Princeton, NJ., 1967. c All C-H bonds 
in pyridine assumed equal. d Experimental value for all C-H bonds 
rounded to 0.01 A. 

Figure 1. The intermolecular coordinate system. Curved arrows shov 
ing rotational senses pass in front of the lines they cross. 

Figure 2. The nonequilibrium FhO-pyridine dimer B, showing labeling 
of atoms and principal axes. The equilibrium dimer A is obtained by a 
90° rotation of the pyridine molecule about its principal axis. 

tor atom takes part in the formation of a linear, or nearly 
linear, hydrogen bond. In terms of the intermolecular coor
dinates, the requirement for the directed lone pair of elec
trons determines the optimized values of the angles B2 and 
Xi, the latter provided that the lone pair does not lie along 
the principal axis of the proton acceptor molecule. The for
mation of a linear X - H - Y hydrogen bond determines the 
coordinates B\ (or 8\, see Table II) and xi> the latter pro
vided that the X - H bond is not coincident with the princi
pal axis of the proton donor. However, these factors do not 
completely determine the dimer structure, since the <$> coor
dinate may not be specified. In previous studies, it was 
shown that the optimized value of this coordinate is often 
dependent on such secondary factors as the relative orienta
tion of the permanent dipole moments of the proton donor 
and proton acceptor molecules, and long-range interactions. 

According to GHM, for dimers having pyridine and pyr
azine as proton acceptor molecules and H F as the proton 
donor, a B\ value of 0° and a 82 value of 180° would be an
ticipated. Since the proton donor molecule is linear, the xi 
rotation is not defined. Moreover, with B2 equal to 180°, 
the (j> rotation is also not defined, and the intermolecular en-

R, A 
O1 , X1, S 2 , X2, 

deg3 deg deg deg* 0, deg AE, au<? 

HF-pyrazine 
HF-pyridine 

A 
Bd 

H20-pyridine 
A 
B« 
C / 

2.86 

2.82 
3.40 

2.97 
2.97 
2.97 

0 

0 
0 

- 4 
- 2 

0 

0 
0 
0 

180 

180 
90 

175 
175 
180 

0 

0 
90 

90 
0 

90 

0 

180 
180 

-0.00856 

-0.01050 
-0.00147 

-0.00743 
-0.00725 
-0.00726 

aFor H20,1S1' = S1 - LHOH/2, and is a direct measure of the lin
earity (0,' = 0°) of the hydrogen bond. For HF, S1' = S1. & In the 
equilibrium dimers with HF as the proton donor, AE as a function 
of x2 is constant. c AiT is the intermolecular (hydrogen bond) 
energy. 1 au = 627.49 kcal/mol. d A nonequilibrium n dimer, opti
mized with respect to R. e Not an equilibrium structure with respect 
to x2. /The idealized GHM dimer, with &>,' = 0° and O2 = 180°. 

ergy is constant with respect to changes in X2- As seen in 
Table II, the equilibrium HF-pyrazine and HF-pyridine 
dimers have Ci11 symmetry and the structures anticipated 
from GHM. 

When H2O is the proton donor molecule in the H20-pyr-
idine dimer, the dimer symmetry is reduced to C5. The equi
librium dimer A with xi equal to 90° has nonplanar Cs 

symmetry, with the plane of the pyridine molecule perpen
dicular to the dimer symmetry plane. As evident from Table 
II, the structure and energy of the equilibrium dimer A are 
comparable to the structure and energy of an idealized 
GHM dimer (C), which is only 0.1 kcal/mol less stable 
than dimer A. 

The dimer B (see Figure 2) has planar Cs symmetry, but 
is not an equilibrium structure with respect to rotation of 
the proton acceptor molecule about its principal axis. Rath
er, the X2 rotation converts dimer B to the equilibrium 
dimer A. However, the difference in the stability of dimers 
A and B is only 0.1 kcal, indicating that the X2 potential 
curve is quite flat. The <f> potential curve is also flat, as an
ticipated when B2 approaches 180°. Thus, although it has 
been possible to determine an equilibrium structure (A) for 
the H20-pyridine dimer, it should be recognized that two 
intermolecular motions, namely, rotation of the proton ac
ceptor molecule about its principal axis, and rotation of this 
axis about the intermolecular line, are essentially free. 

It is important to note that secondary factors have little 
effect on the structure of the equilibrium H20-pyridine 
dimer. In particular, since the dipole moment vector of pyri
dine lies along the principal axis, it is nearly colinear with 
the intermolecular line in the dimer. Hence, changes in the 
4> coordinate produce only small changes in the relative ori
entation of the dipole moment vectors of H2O and pyridine. 
A similar situation was previously encountered in the H2O-
NH3 dimer in which N H 3 is the proton acceptor mole
cule.4 

An HF-pyridine dimer (B) with hydrogen bond forma
tion through the pyridine it electron system at the nitrogen 
has also been investigated. This dimer was optimized with 
respect to R, the intermolecular F -N distance, with the an
gular coordinates fixed at the values shown in Table II. The 
resulting w dimer is only weakly bound, with an intermolec
ular energy of less than 1 kcal/mol, and it is not an equilib
rium structure on the intermolecular surface. In a previous 
study of TT dimers, it was also found that in those cases 
where an atom may act as a proton acceptor for hydrogen 
bond formation through either a lone pair of electrons or its 
7T electrons, bond formation through the lone pair is pre
ferred. In the ground state, it appears that such IT dimers do 
not correspond to equilibrium structures, but convert to 
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equilibrium dimers in which hydrogen bond formation oc
curs through the lone pair.11 

It is of interest to examine the energies of the equilibrium 
dimers which have pyridine and pyrazine as proton acceptor 
molecules, and to compare the hydrogen bond strengths in 
these dimers with others which have proton acceptor nitro
gen atoms. As evident from Table II, the equilibrium HF-
pyridine dimer is more stable than the HF-pyrazine dimer 
by more than 1 kcal/mol. The greater stability of the HF-
pyridine dimer may be attributed in part to a greater elec
tron density at the pyridine nitrogen, as indicated by the 
Mulliken gross atomic populations12 of 7.241 and 7.219 
electrons for the pyridine and pyrazine nitrogen atoms, re
spectively. However, because this increased density in pyri
dine is due to an increased ir density, a correlation between 
increasing charge on the proton acceptor atom and increas
ing dimer stability may not always occur.13 It is important 
to recognize that although the relative orientation of the di-
pole moment vectors of the proton donor and proton accep
tor molecules is not a factor in the determination of the 
structures of these equilibrium dimers, it most certainly has 
an influence on the stability of the HF-pyridine dimer in 
which a favorable head-to-tail alignment of the dipole mo
ments of HF and pyridine occurs. This is probably the 
major factor contributing to the increased stability of this 
dimer compared with the equilibrium HF-pyrazine dimer. 

A comparison of the intermolecular energies of the equi
librium dimers HF-pyridine (6.6 kcal) and H20-pyridine 
(4.7 kcal) shows that the dimer with HF as the proton 
donor is more stable. Its increased stability may be associ
ated with the greater positive charge on the HF proton, 
which tends to make HF a better proton donor that H2O for 
hydrogen bond formation. 

It is also of interest to compare the stabilities of the equi
librium dimers HF-NH3 (C3u),14 HF-pyridine (C2D), and 
HF-HCN (C»K),15 each having HF as the proton donor, 
and a nitrogen atom as the proton acceptor atom. In a qual
itative sense, the nitrogen hybridization changes in these 
proton acceptor molecules from sp3 to sp2 to sp, respective
ly, and the negative charge on nitrogen decreases simulta
neously. The stabilities of these three dimers, each comput
ed using the STO-3G basis set, are 8.3, 6.6, and 3.6 kcal/ 
mol, respectively, decreasing as the p character in the sp hy
brid orbital decreases. Thus, for these molecules, the com
puted order of dimer stability does correspond to the order 
anticipated from the hybridization of the proton acceptor 
atom. However, it should also be noted that in each of these 
proton acceptor molecules the nitrogen lone pair is essen
tially localized on a single atom, and the monomer dipole 
moment vectors have the same relative alignment in the di
mers, although of course, the dipole moments of the proton 
acceptor molecules are not equal.16 Under these conditions, 
predictions concerning relative dimer stabilities on the basis 
of the charge on the proton acceptor nitrogen atom or the 
nature of the hybridization of the proton acceptor atom are 
most likely to be reliable. 

Population Analysis and Force Constants. In previous 
studies of the hydrogen bond, trends in population changes 
upon dimer formation have been observed, which are also 
evident in the dimers with pyridine and pyrazine as proton 
acceptor molecules. Upon formation of the F -H-N and 
O-H—N hydrogen bonds in these dimers, the hydrogen-
bonded proton loses electron density, while the fluorine and 
oxygen atoms gain electron density. The hydrogen-bonded 
nitrogen atom experiences an increase in negative charge 
even though the proton acceptor pyridine and pyrazine mol
ecules lose electron density in the dimers. It is interesting to 
note that the increased negative charge on the proton accep
tor nitrogen atom is due to polarization of the aromatic x 

cloud toward nitrogen in the dimer. Thus, electron transfer, 
which varies from 0.031 electron in H20-pyridine to 0.043 
electron in HF-pyridine, occurs from the proton acceptor 
molecule to the proton donor through the a electron system, 
and is accompanied by an increased polarization of the x 
cloud toward the proton acceptor nitrogen atom in the 
dimer. 

Force constants for the H20-pyridine dimer have also 
been estimated by approximating the second derivatives of 
the intermolecular energy with respect to the intermolecu
lar coordinates, as in previous studies.4 The force constants 
for the coordinates R, B1, xn and B2 are 0.01367, 0.02574, 
0.01943, and 0.00904, respectively. These derivatives give 
some indication of the rigidity of the equilibrium dimer 
structure to distortions produced by various modes of inter
molecular motion. If these constants are compared with the 
corresponding force constants for H2O-NH3,4 it can be 
seen that the H2O-NH3 dimer, which is more stable, is also 
more rigid than the H20-pyridine dimer with respect to 
each of these motions. In both dimers, the xi and <j> rota
tions are essentially free. 

n —• T* Transition Energies. The proton acceptor mole
cules pyrazine and pyridine exhibit n -»• x* bands in the uv, 
which are shifted to higher energies (blue shifted) in hydro
gen-bonding solvents. It is of interest, therefore, to examine 
the effect of hydrogen bond formation on the n -*• x* tran
sition energies in the equilibrium dimers which have pyraz
ine and pyridine as proton acceptor molecules. It is unfortu
nate, but not surprising, that at this level of treatment, even 
the singlet n —- x* transition energies of pyrazine and pyri
dine are overestimated by approximately 1.5 eV when com
pared with the experimental values.17 Since the absolute 
error in the computed monomer transition energy is signifi
cantly larger than the magnitude of the blue shift in the 
dimer, these results for the blue shift could be questioned. 
However, the computed dimer transition energies relative to 
the computed monomer n -» x* transition energies are rea
sonable and consistent with the results of previous studies, 
in which better agreement between computed and experi
mental data was found.18"20 As will be shown below, the in
terpretation of the data given in this study is also consistent 
with that proposed previously. 

Before analyzing the monomer and dimer transition ener
gies, it is advantageous to consider qualitatively the nature 
of the one-electron n -* x* transition, since the first excited 
state of pyrazine and of pyridine is dominated by this con
figuration, and then to quantitatively examine the nitrogen 
electron densities in the excited state. In pyridine, the n —* 
TT* transition removes an electron from a somewhat local
ized nitrogen n orbital, decreasing the nitrogen electron 
density in the plane of the ring, and increasing the total x 
density of the molecule by one electron. Part of the in
creased IT density is seen as an increase in the nitrogen x 
electron density. However, the net effect of this excitation is 
to leave the nitrogen atom positively charged (6.900 elec
trons) in the excited state, because of an electron deficiency 
in the a system. On this basis, it would appear that pyridine, 
with a positively charged nitrogen atom, would not be a 
good prolon acceptor molecule for hydrogen bond forma
tion through the a system in the excited state. 

The effect of this transition in pyridine may be compared 
with its effect in pyrazine. Although the transition still in
creases the x density in the excited state by one electron, 
electron density is removed from a a orbital of ag symmetry, 
which is delocalized over both nitrogen atoms. As a result, 
while both nitrogen atoms lose electron density, they still 
remain negatively charged (7.168 electrons) in the excited 
state, and the a electron deficiency at each nitrogen is not 
as great as it is in pyridine. Hence, dimer stabilization in 
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Table III. Hydrogen Bond Energies and Blue Shifts (eV) 

HF-pyrazine 
2:1 HF-pyrazine 
HF-pyridine 
H20-pyridine 

Hyd .rogen bond 
energy 

0.23 
0.44 
0.29 
0.20 

Blue shift of the 
n -> ir* banda 

0.06 
0.15 
0.30 
0.23 

a Relative to the n -* n* transition energy of the isolated proton 
acceptor molecule. 

the excited state of pyrazine through hydrogen bond forma
tion at the nitrogen may still be possible. 

The blue shifts of the n -* x* bands in the hydrogen-
bonded complexes are reported in Table III along with the 
hydrogen-bond strengths. It is apparent from these data 
that when pyridine is the proton acceptor molecule in a hy
drogen-bonded dimer, there is a significant increase in the n 
-* x* transition energy. In particular, for both the HF-pyr
idine and H20-pyridine dimers, it is possible to approxi
mate the dimer transition energy as the sum of the mono
mer n —• x* transition energy and the hydrogen bond ener
gy in the ground state. This relationship suggests that the 
hydrogen bond, formed in the ground state through the ni
trogen lone pair, is broken upon excitation in the dimer as 
the nitrogen atom becomes positively charged. Hence, in 
these two dimers, the blue shift once again reflects the addi
tional energy required to break the hydrogen bond.18-20 

The effect of hydrogen-bond formation on the n —* ir* 
transition of pyridine may be contrasted to its effect in the 
HF-pyrazine dimer. As seen in Table III, only a small blue 
shift of the pyrazine n -* x* band in the dimer is predicted. 
This suggests that the hydrogen bond may become slightly 
weakened, but that the excited state is stabilized by hydro
gen-bond formation at the nitrogen. Although the potential 
curve for the intermolecular distance has not been comput
ed for this dimer, the similarity between the results ob
tained for the HF-pyrazine dimer and those reported for 
the H20-glyoxal dimer is apparent. In the latter dimer, 
such a curve was obtained and found to possess a minimum 
at a slightly larger intermolecular distance than the ground 
state equilibrium distance.20 In these dimers, the n — x* 
transitions originate in n orbitals which are still delocalized, 
and the proton acceptor atoms remain negatively charged in 
the excited state.2' Thus, the blue shifts and the hydrogen 
bond energies are no longer comparable, and the dimers ap
parently remain bound in the excited n —* x* state. 

A 2:1 HF-pyrazine trimer of D2h symmetry has been 
constructed with R, the intermolecular distance, fixed at 
the equilibrium dimer distance. As seen in Table III, the 
trimer intermolecular energy is slightly less than twice the 
dimer hydrogen-bond energy. The blue shift of the n -* x* 
band in the trimer has also increased, but is significantly 
less than the ground state intermolecular energy. This again 
suggests that while the two hydrogen bonds may become 
weakened in the excited state, the complex still remains 
bound.20 

Although these calculations refer most directly to the gas 
phase, it is possible to correlate some solution data with 
these results. In so doing, it must be recognized that some 
solution effects are being neglected. Nevertheless, it is sig
nificant that the data obtained in this work and the inter
pretations presented are consistent with experimental re
sults obtained from studies of solution effects on n —*• x* 
transition energies. Such studies have indicated that (1) the 
n — x* band of pyridine disappears in a water solution, 
being blue shifted and masked by the more intense x — x* 
band;22 (2) in a hydrogen-bonding solvent, the n —• x* band 

of the ethyl bromide salt of pyrazine (in which only a single 
nitrogen lone pair exists) shows a larger blue shift than the 
n —• x* band of pyrazine;22 and (3) the excited state stabili
zation of pyrazine in a hydrogen-bonding solvent is consid
erable.23 

Conclusions 
Ab initio SCF calculations have been performed to deter

mine the equilibrium structures and energies of dimers 
HF-pyrazine, HF-pyridine, and H20-pyridine. The struc
tures of these dimers are consistent with structures antici
pated from the general hybridization model. A comparison 
of the hydrogen bond strengths in HF-pyrazine and HF-
pyridine shows that the pyridine molecule is the better pro
ton acceptor. This may be attributed to the greater negative 
charge on the nitrogen in pyridine, and to a favorable head-
to-tail alignment of molecular dipole moments in the HF-
pyridine dimer. An HF-pyridine dimer in which hydrogen-
bond formation occurs through the x electron system at the 
nitrogen has been investigated and found to be a nonequi-
librium structure on the intermolecular surface. 

In the equilibrium dimers, charge transfer occurs from 
the proton acceptor molecule to the proton donor. This 
transfer takes place through the a system, and is accompa
nied by a further polarization of the x cloud toward the hy
drogen-bonded nitrogen atom in the dimer. As a result, al
though the proton acceptor molecule loses electron density, 
the proton acceptor atom experiences an increase in nega
tive charge. The charge on the nitrogen in the molecules 
NH3, pyridine, and HCN decreases in the order NH3 > 
pyridine > HCN, as the p character in the sp hybrid orbital 
decreases. A correlation exists with the decreasing stability 
of dimers HF-NH3 > HF-pyridine > HF-HCN. 

CI calculations have also been performed to determine 
the effect of hydrogen-bond formation on n —* x* transition 
energies. When pyridine is the proton acceptor molecule, a 
blue shift of the pyridine n ->• x* band is observed which is 
comparable with the dimer hydrogen-bond strength. This 
suggests that the hydrogen bond is broken upon excitation 
in the dimer, and follows as a consequence of the nature of 
the Ti- it* transition which produces a positively charged 
nitrogen atom. In contrast, for the HF-pyrazine dimer, only 
a small blue shift of the n -»• x* band is found. In pyrazine, 
electron excitation occurs from an n orbital which is delo
calized over both nitrogens, and these atoms remain nega
tively charged in the excited state. Both the HF-pyrazine 
dimer and a 2:1 HF-pyrazine trimer appear to remain 
bound in the excited state. 
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I. Introduction 

An interesting, though relatively little-studied, class of 
molecules is the C„H„ hydrocarbons whose carbon skele
tons form convex polyhedra. A subset of these, the regular 
polyhedral hydrocarbons based upon the perfect solids of 
antiquity, is composed of three potential members: tetrahe
drane (n = 4), cubane (n = 8), and dodecahedrane (« = 
20)2 (Figure 1). As yet, only cubane has been synthesized3 

and geometrically characterized.4 Tetrahedrane has been 
the subject of a recent theoretical study5 which predicted 
that it would be a bound molecule, detectable and perhaps 
amenable to isolation at low temperatures. The present 
paper gives the results of a theoretical study of dodecahe
drane.6 '7 

Dodecahedrane is of interest because of its high symme
try, its topology, and, of course, its aesthetic allure.8 It 
might well serve as a model system for many physical-or
ganic studies, because of its rigid, though relatively strain-
free structure, its limited facility for solvation, and its sur
face as a potential template for studying various hydrocar
bon reactions. In sections II and III respectively we consider 
various aspects of dodecahedrane's symmetry and topology. 
Section IV contains the results and interpretation of a mo
lecular orbital calculation, including a plot of the valence-
electron charge density. 

II. Considerations of Symmetry 

One of the most striking of the symmetry properties of 
dodecahedrane is its sphericality (Figure 1). With CC bond 
lengths of 1.54 A (the diamond distance), 20 carbons lie on 
a sphere of diameter 4.32 A; the hydrogens at a bond length 
of 1.09 A (the ethane value) lie on an outer sphere of 6.50 
A. In fact, dodecahedrane would be the molecule of highest 
known point group symmetry, Ih,9 with 120 point group op
erations leaving the molecule invariant. The dodecahedrane 
charge density has as its first nonvanishing multipole mo
ment the 26-pole moment10 

_fuV*T
6uVd*r (1) 

where \p is the ground state vibronic wave function and the 
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multipole operator y6 is the sum over electrons and nuclei1' 

7 6 = E ^ ' 6 [ £ ill T I™! i S " ( c o s e , - V ^ l (2) 
i Lm=-6 (6 + | m | ) ! J 

where q, is the charge of particle i and (/•„ 9,, 0,) are its 
polar coordinates referred to some suitably-chosen coordi
nate system with origin at any point in space; in I/, symme
try only one of the 13 nonvanishing components of the 26-
pole tensor is unique. By contrast, the two preceding regular 
polyhedral hydrocarbons tetrahedrane (Tj) and cubane 
[Oh) have 23-pole (octopole) and 24-pole (hexadecapole) 
moments, respectively. 

The lack of any low multipole moments in dodecahe
drane implies the almost-complete absence of contributions 
of all but dispersion forces to the long-range interactions, 
e.g., to the second virial coefficient,12 suggesting that dode
cahedrane in the vapor phase will resemble a large rare gas 
molecule in its physical properties. For the same reason, do
decahedrane may also be anticipated to sublime more readi
ly than would be expected for a molecule of its molecular 
weight. An analogous case is cubane which has a heat of 
sublimation of 19.2 kcal/mol at 298°K, one-fourth the 
value of its lower-symmetry isomer cyclooctatetraene, 71.1 
kcal/mol.13 

The high symmetry of dodecahedrane serves to simplify 
the description of its molecular force field. The number of 
independent harmonic force constants is 74, almost 100-
fold fewer than the 6555 which would be necessary to char
acterize a completely asymmetric 40-atom molecule. This 
drastic reduction in independent parameters arises from the 
high degeneracies of the vibrational modes. The 114 normal 
modes belong to symmetry species: 2Ag, T l g , 2T2g, 4Gg, 
6Hg , 3T,U, 4T2u, 4GU and 4HU, where the T, G, and H 
modes are three-, four-, and fivefold degenerate, respective
ly (there is no twofold degeneracy in h symmetry). There 
are only three infrared active modes (T iu) and eight Raman 
active modes (2Ag and 6Hg) and, of course, only single pro
ton and 13C NMR resonances. 

It is interesting to note that dodecahedrane is a molecule 
almost devoid of angle strain. The CC bonds, being edges of 
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